S-Adenosyl-L-homocysteine hydrolase (AdoHcyase, 1 EC 3.3.1.1) catalyzes the hydrolysis of S-adenosyl-L-homocysteine (AdoHcy) to form adenosine (Ado) and homocysteine (Hcy) (1) . The enzymes from all sources are oligomeric proteins with subunits of M r 45,000 -50,000. Each subunit contains one mole of tightly bound NAD ϩ (2, 6) . The reaction is reversible, and the equilibrium lies far in the direction of AdoHcy synthesis. Under physiological conditions, however, the removal of both Ado and Hcy is sufficiently rapid that the net reaction proceeds in the direction of hydrolysis (3) . Ado is removed by Ado deaminase and Ado kinase, and Hcy is used for the synthesis of cysteine and the regeneration of methionine. In mammals, Hcy is produced solely from AdoHcy, and it has been reported that an elevated plasma Hcy level is one of the risk factors for coronary heart disease (4) .
The mechanism of reversible hydrolysis of AdoHcy catalyzed by AdoHcyase has been studied by Palmer and Abeles (5, 6) . On the basis of crystal structures of rat liver AdoHcyase (rWT) and rD244E:Ado* (3-keto-adenosine) determined in our laboratory, we have proposed a detailed catalytic mechanism (7) . The substrate-free enzyme takes mainly an open conformation. Once the substrate enters the active site, Asp-189 that hydrogen bonds to the ⑀-NH 3 ϩ of Lys-185 moves away, taking a proton from the Lys residue. The catalytic domain closes a large cavity between it and the NAD-binding domain by rotating 17°around the molecular hinge section so that the substrate is brought closer to the bound NAD ϩ . The resultant neutral Lys-185 and the bound NAD ϩ remove protons from 3Ј-OH and 3Ј-CH, respectively. Subsequently, the 4Ј-CH proton is abstracted by Asp-130. The resulting carbanion then releases H 2 O/Hcy to form the 3Ј-keto-4Ј, 5Ј-dehydroadenosine intermediate.
AdoHcy is a potent inhibitor of S-adenosyl-L-methionine (AdoMet)-dependent methyltransferases (8 -12) . Because AdoHcyase is the only enzyme involved in AdoHcy metabolism, and because the reaction it catalyzes is reversible, the activity of AdoHcyase is thought to play a critical role in the control of tissue levels of AdoHcy and hence to modulate the activities of various methyltransferases (13) . Inhibition of AdoHcyase in vivo elevates the AdoHcy level, and consequently the AdoMet-dependent transmethylation is suppressed. Therefore, AdoHcyase has been an attractive target for the design of antiviral agents because most viruses require a methylated cap structure at the 5Ј-terminus of their mRNA for viral replication (Ref.
14 and references therein and Ref. 15) , and the virus-encoded methyltransferases that are involved in the formation of this methylated cap structure are inhibited by AdoHcy.
A number of inhibitors of AdoHcyase have been identified. These are classified into two groups. One group includes Ado or 3-deazaadenosine analogues with carbocyclic ribose moieties such as aristeromycin (16, 17) , neplanocin A (18 -20) , and 2Ј,3Ј-dihydroxycyclopenten-4Ј-yl-adenine (ADC) (21) . The other group contains Ado analogues with acyclic sugar moieties such as D-eritadenine (DEA) (22-25), 9-(S)-(2,3-dihydroxypropyl)adenine (26 -28) , and (R,S)-3-adenine-9-yl-2-hydroxypropanoic acid (29, 30) . Cyclic sugar Ado analogues, including mechanism-based inhibitors, are oxidized by the bound NAD ϩ , and thus the inhibited AdoHcyase contains NADH rather than NAD ϩ in the active site. On the other hand, most acyclic sugar Ado analogues except for DEA are relatively weak reversible inhibitors. DEA is a potent inhibitor of AdoHcyase (IC 50 ϭ 7 nM) and is believed to be an inactivator of AdoHcyase (31) . As illustrated in Scheme 1, the chiral centers (C2Ј and C3Ј) of DEA have opposite chirality to those of Ado and cyclic sugar Ado analogues. Therefore, if the adenine ring of DEA binds to the enzyme in a similar fashion as observed in the structures of rD244E:Ado* and hWT:ADC, the acyclic sugar moiety must have quite a different interaction with the enzyme.
To elucidate the binding scheme of DEA, we have determined the crystal structures of rWT inhibited by DEA and pure sodium DEA salt and analyzed the oxidation state of the bound NAD cofactor by UV measurement. Here we report why DEA is a potent inhibitor of AdoHcyase despite having an acyclic sugar moiety.
EXPERIMENTAL PROCEDURES
Determination of Enzyme-bound NAD-The enzyme crystals of rWT and rWT:DEA were washed with 30% PEG 4000 solution and were subsequently dissolved in Tris/HCl buffer. The proteins were denatured by adding two volumes of absolute ethanol. The precipitates were washed once with 70% ethanol, and the combined supernatants were dried in vacuo. The residues were dissolved in 100 mM Tris/HCl (pH 7.2) and analyzed by UV absorption spectrometry using a JASCO V560 spectrophotometer. The spectra of rWT and rWT:DEA gave 0.038 and 0.042 absorbances at 260 nm, respectively. Absorption spectra of 1.0 M concentrations of NAD ϩ ϩ DEA (1:1) and NADH ϩ DEA (1:1) were also recorded for references. The absorbances at 260 nm were 0.037 and 0.046, respectively, indicating that the concentrations of the extractions and the references were similar.
Crystal A colorless plate-shaped crystal of dimensions 0.43 ϫ 0.40 ϫ 0.04 mm was selected for structural analysis. X-ray diffraction data for this compound were collected using a Bruker SMART APEX CCD area detector using graphite-monochromated MoK ␣ radiation ( ϭ 0.71073 Å). The data were collected in the range 3.57 Ͻ Ͻ 30.50°at Ϫ173°C (0.70-Å resolution). Coverage of unique data was 99.8% complete to 26.0°in . The unit cell parameters (a ϭ 7.873(1), b ϭ 8.363 (1) , c ϭ 20.557(1) Å, ␤ ϭ 97.99(1)°) were determined from a least squares fit of 4542 reflections. From 117 reflections that were measured both at the beginning and end of data collections, the crystal showed no decay during the data measurement. The data were corrected for absorption by a semiempirical method from equivalent reflections giving minimum and maximum transmission factors of 0.9342 and 0.9936. Lorentz and polarization corrections were applied. The data were merged to form a set of 3799 independent data with R(int) ϭ 0.0131. The space group C2 was determined by systematic absences in the data. The structure was solved by direct methods and refined by full-matrix least squares methods on F o 2 . The absolute configuration of the molecule was determined by using the anomalous dispersion effects from sodium and oxygen atoms in the crystal. Non-hydrogen atoms were refined with anisotropic thermal factors, whereas hydrogen atoms were refined with isotropic thermal factors. A total of 195 parameters were refined against the 3799 data to give wR(F o 2 ) ϭ 0.0923 and S ϭ 1.062. The final R(F o ) was 0.0342 for the 3735 observed data (F o Ͼ 4(F o )). The coordinates have been deposited in the Cambridge Crystallographic Data Center (deposition number CCDC 171285).
Purification and Crystallization AdoHcyase with D-EritadenineAdoHcyase used in this study is the recombinant rat enzyme produced in Escherichia coli JM109 transformed with a pUC118 plasmid that contains the coding sequence of rat AdoHcyase cDNA (32) . The enzyme was purified to homogeneity from E. coli extracts by gel filtration over Sephacryl S-300 and DEAE-cellulose chromatography as described previously (32) . Recombinant AdoHcyase lacks the N-terminal acetyl group but exhibits other structural features similar to those of the liver enzyme (32) .
The hanging-drop vapor diffusion method was employed for crystallization of the enzyme. All crystallization experiments were conducted at 22°C. Small crystals of the enzyme were grown for 1 week in a solution containing 1 mM sodium DEA, 22% (w/v) PEG 4000, 50 mM Tris/HCl buffer, pH 7.2, and 10% (v/v) isopropyl alcohol with a protein concentration of 10 mg/ml. The plate-shaped crystals suitable for x-ray diffraction (ϳ0.3 mm ϫ 0.2 mm ϫ 0.1 mm) were grown for 3 weeks.
X-ray Diffraction Data Measurement-A crystal with dimensions of 0.3 ϫ 0.2 ϫ 0.1 mm in a hanging drop was scooped out with a nylon loop and dipped into a cryoprotectant solution containing 30% ethylene glycol, 50 mM Tris/HCl buffer, pH 7.2, and 15% (w/v) PEG 4000 for 30 s before it was frozen in liquid nitrogen. The frozen crystal was transferred onto a Rigaku RAXIS IIc imaging plate x-ray diffractometer with a rotating anode x-ray generator as an x-ray source (CuK ␣ radiation operated at 50 kV and 100 mA). The diffraction data were measured up to 3.0 Å resolution at Ϫ180°C. The unit cell dimensions and the space group were uniquely determined from the observed data set. The data were processed with the program DENZO and SCALEPACK (33) . The data statistics are given in Table I .
Structure Determination-The unit cell dimensions and the assigned space group indicated two tetrameric enzymes (eight subunits) in the asymmetric unit. The crystal structure was determined by a molecular replacement procedure using X-PLOR (34, 35) . The structure of the rWT enzyme (open conformation) (36) and the structure of the D244E mutant enzyme (closed conformation) (7) were used as search models. The closed structure model gave significantly better Patterson correlation-refinement results than the open structure model (i.e. the best refined Patterson correlation values of the closed and open structure models were 0.2418 and 0.1297, respectively). At this stage, the open structure model was abandoned.
The crystal structure was refined by a standard refinement procedure in the X-PLOR protocol (34) with the noncrystallographic symmetry restraint. During the later stages of refinement, difference maps (F o Ϫ F c maps) showed a large significant residual electron density peak in the region of the active site of each subunit. The shape of the electron density peak suggested that each individual subunit contains DEA. Initially the DEA molecule found in the crystal structure of sodium DEA was placed into the electron density peak in each subunit. The DEA molecule fit well into the electron density peak except for its O3Ј-hydroxyl group and C4Ј-carboxyl group. Once the torsion angle of the C2ЈϪC3Ј bond was changed from gauche Ϫ to trans conformation (Ϫ60°3 180°), these two groups also fit into the electron density peak. All eight subunits were tightly restrained to have the similar conformation (i.e. rmsd Ͻ 0.09 Å). Refinement of isotropic temperature factors for individual atoms was carried out by the individual B-factor refinement procedure of X-PLOR (34) using bond and angle restraints. During the final refinement stage, well defined residual electron density peaks in difference maps were assigned to water molecules if peaks were able to bind the protein molecules with hydrogen bonds. The final SCHEME 1
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crystallographic R-factor was 0.208 for all data (2 cut off) from 8.0 to 3.0 Å resolution. The R free for 10% randomly selected data is 0.265. The coordinates have been deposited in the Protein Data Bank (code number 1K0U). (Fig. 1) . The DEA molecule has a semiring-forming conformation. The torsion angles of the N9 -C1Ј, C1Ј-C2Ј, and C3Ј-C4Ј bonds in the C8 -N9 -C1Ј-C2Ј-C3Ј-C4Ј chain are Ϫ110°, Ϫ165°, and Ϫ64°, respectively. A sodium ion coordinates to three oxygen atoms (O 2 Ј, O3Ј, O4a'). All nitrogens and oxygens participate in hydrogen bonding either as H-bond donors or H-bond acceptors. The adenine rings are stacked on top of each other with hydrophobic interactions.
RESULTS

UV Measurement-The
Crystal Structure of rWT:DEA-The crystallographic refinement parameters (Table I) , final (2F o Ϫ F c ) maps, and conformational analysis by PROCHECK (37) indicate that the crystal structure of rWT:DEA has been successfully determined. The crystal contains two crystallographically independent tetrameric AdoHcyase molecules where each subunit of the tetrameric AdoHcyase molecule is related by 222 symmetry. Because the eight subunits are identical at a resolution of 3.0 Å, they have been tightly restrained to have the same structure (rmsd Յ 0.09 Å) to increase the quality of the structure. The quality of the structure is even higher, although it was obtained at a moderate resolution.
The AdoHcyase structure found in the rWT:DEA complex is very similar to those found in rD244E:Ado* and hWT:ADC complexes, although the rWT:DEA, rD244E:Ado*, and hWT: ADC complexes were crystallized in different crystal systems. The rmsd values between the C ␣ positions of the subunits of rWT:DEA and rD244E:Ado* and between those of rWT:DEA and hWT:ADC are 0.67 Å and 0.49 Å, respectively. The substrate-binding site is remarkably similar to those of the NADHbound enzymes, indicating that the oxidation state of NAD does not affect the active site geometry. Furthermore, the geometry of the substrate-binding site is not changed by the binding of quite differently shaped molecules, indicating that the substrate-binding site is quite rigid. The complexed structures along the rWT structure indicate that the open-closed conformational change depends upon the substrate/inhibitor binding to the enzyme and not the NAD ϩ /NADH oxidation state.
DEA in the Active Site-The DEA molecule in the protein has an extended conformation and the torsion angles of the backbone chain, C8 -N9 -C1Ј-C2Ј-C3Ј-C4Ј, are Ϫ120°, 180°, and 180°for N9 -C1Ј, C1Ј-C2Ј and C2Ј-C3Ј bonds, respectively (Fig. 1B) . All oxygen atoms (O 2 Ј, O3Ј, O4aЈ, O4bЈ) participate in hydrogen bonding with the protein (Fig. 2A) . The 3Ј-CH hydrogen is pointed toward C4 of NAD ϩ at a distance of 2.7 Å, indicating a weak interaction with the bound NAD ϩ molecule. The adenine ring of DEA binds at the same site as observed in the rD244E:Ado* and hWT:ADC structures. All nitrogen atoms except for N3 are involved in hydrogen bonding. The -CH 2 -S-CH 3 moiety of Met-357 lies on the adenine ring.
The bound NAD ϩ molecule has a similar conformation as the NAD ϩ molecule in the rWT structure and NADH molecules in the rD244E:Ado* and hWT:ADC structures. The NAD ϩ molecule is tightly bound to the protein with the similar interactions as seen in the rD244E:Ado* and hWT:ADC structures.
DISCUSSION
Four crystal structures of AdoHcyase, including the one in this study, have been determined (7, 36, 38) . Each structure represents a different conformation of the AdoHcyase structure. The structure of the substrate-free rWT, which has a large open cleft between the NAD-binding domain and the catalytic domain, represents an open conformation structure of the enzyme (36) . The bound NAD is in an oxidized state (i.e. NAD ϩ ). The rD244E:Ado* structure contains a trapped Ado intermediate (Ado*, i.e. 3-keto-adenosine) in the active site and a reduced NAD (i.e. NADH) (7) . The cleft between the NADbinding domain and the catalytic domain is closed (closed conformation). The structure of hWT:ADC contains the oxidized inhibitor (i.e. the inhibitor ADC is oxidized to 2Ј-hydroxy-3Ј-keto-cyclopenten-4Ј-yl-adenine) and NADH (38) . The enzyme has a closed conformation. The rWT:DEA structure in this study has a closed conformation but contains unmodified DEA and NAD ϩ . By comparing the rWT:DEA structure with the 
other AdoHcyase structures, several unique features of DEA and AdoHcyase have been revealed. Adenine Pocket in AdoHcyase-The adenine rings of the substrate and the inhibitors bind at the same site with the same interactions. All the nitrogen atoms except for N3 are involved in hydrogen bonding with the protein as either a hydrogen bond acceptor or a hydrogen bond donor. It is noted that 3-deazaadenosine analogues bind to the protein as strongly as Ado analogues (39) . The hydrogen bonding apparently recognizes the adenine moiety of Ado/AdoHcy. Such an adenine recognition scheme would allow various compounds having adenine rings to bind to the active site of AdoHcyase. On the other hand, other nucleoside analogues such as compounds having guanine, hypoxanthine, and xanthine rings would be limited in their ability to bind to AdoHcyase.
Sugar Moiety Determines Binding Affinity-The ribose-binding site is composed of relatively hydrophilic amino acid residues. Therefore, the hydrogen-bonding capability of the sugar moiety determines the binding strength of Ado analogues, i.e. if an Ado analogue's sugar moiety is able to make many hydrogen bonds to the protein, then the molecule can bind tightly to the protein. Several different hydrogen bond networks are possible depending on the structure of the sugar moiety.
Conformations of DEA Molecules in the Crystal and Protein Are Different-As shown in Fig. 1 , the DEA structures in the crystal and in the protein are superimposable except for O3Ј, C4Ј, O4aЈ, and O4bЈ, but the torsion angles of C2Ј-C3Ј bonds are significantly different (Ϫ64°versus 180°). Indeed, the structure of the DEA molecule found in the crystal did not fit into the residual electron density peak in the active site. This observation indicates that the C2Ј-C3Ј bond is twisted by Ϫ120°after a sodium ion is released. The carboxyl group of DEA in the crystal structure interacts strongly with a sodium ion. In the protein structure, the carboxyl group hydrogen bonds to the positively charged Lys-185.
Hydrogen-bonding Schemes of Ado and DEA Are Different-As illustrated in Scheme 1, the chiralities of C2Ј and C3Ј of DEA are different from those of Ado and ADC. Nevertheless all of these compounds bind tightly to AdoHcyase. As shown in Fig. 3 , the hydrogen-bonding schemes of the sugar moiety are quite different. The 2Ј-OH of DEA hydrogen bonds exclusively to Asp-189, whereas that of Ado hydrogen bonds to Asp-189 and Glu-155. The 3Ј-OH of DEA hydrogen bonds solely to Asp-130, whereas that of Ado involves a hydrogen bond to Lys-185. Roughly speaking, O2Ј, O3Ј, and O4aЈ of DEA are positioned at the O2Ј, C4Ј, and O3Ј sites of Ado*, respectively. Except for two histidine residues (His-54 and His-300), all hydrophilic amino acid residues on the active site surface are involved in hydrogen bonding with DEA. Interestingly the 3Ј-CH hydrogen of DEA points to C4 of the bound NAD ϩ with a distance of C3Ј⅐⅐⅐C4 ϭ 3.7 Å. However, the bound DEA is not oxidized by the bound NAD ϩ . It is noted that the C3Ј⅐⅐⅐C4 distance in the rD244E:Ado* structure is 3.3 Å. In the rWT: DEA complex, the oxidation reaction does not occur because there is no strong nucleophilic group near the hydrogen of 3Ј-OH. We have proposed that the hydrogen of 3Ј-OH of Ado/ AdoHcy is abstracted by the neutral Lys-185.
DEA Binding Is Tighter than AdoHcy/Ado Binding-When the catalytic domain of the rWT:DEA structure is superimposed on that of the rWT structure (open conformation structure), and the DEA molecule in rWT:DEA is placed in the rWT structure, the introduced DEA molecule can make all the hydrogen bonds to AdoHcyase that are observed in the rWT:DEA structure (Fig. 2B) . This simple modeling indicates that DEA can bind to the active site of the open conformation and can make most of the hydrogen bonds with the protein observed in the rWT:DEA complex. In comparison to rD244E:Ado*, DEA is involved in more hydrogen bonding than Ado* because DEA has more hydrogen bond-forming oxygens than Ado*. Once the catalytic reaction occurs (i.e. Ado is converted to 3Ј-keto-4Ј,5Ј-dehydroadenosine), only the 2Ј-OH and 3Ј-O of Ado* can participate in hydrogen bonding with AdoHcyase, whereas all four oxygens (2Ј-OH, 3Ј-OH, 4Ј-OH, and 4Ј-O) of DEA are involved in hydrogen bonding. Therefore, it appears that DEA binds to AdoHcyase more tightly than the substrate Ado does.
Major Forces to Stabilize the Closed Structure-When the enzyme closes the cleft between the catalytic domain and the NAD-binding domain, the bound DEA is buried within the protein body and cannot easily leave the active site. The DEAmediated hydrogen bond networks between the catalytic domain and the NAD-binding domain apparently stabilize the closed structure. In the closed structure, the backbone of His-352 participates in hydrogen bonding with DEA (N6⅐⅐⅐O (His-352) ϭ 3.3 Å; N7⅐⅐⅐N (His-352) ϭ 3.0 Å), whereas in the open structure, His-352 is too far away to make hydrogen bonds with DEA (N6⅐⅐⅐O (His-352) ϭ 5.7 Å; N7⅐⅐⅐N (His-352) ϭ 5.2 Å). Similarly, 3Ј-CH hydrogen of DEA points to C4 of NAD ϩ and has an interaction with it (C3Ј⅐⅐⅐C4 ϭ 3.7 Å) in the closed structure, whereas in the open structure 3Ј-CH hydrogen is too far to have an interaction with C4 of NAD ϩ (C3Ј⅐⅐⅐C4 ϭ 6.8 Å). Therefore, the modeling indicates that the hydrogen bonds between the adenine ring and the backbone of His-352 and the C3Ј-H⅐⅐⅐C4 interaction are the major forces (through this lock mechanism) that stabilize the closed conformation of AdoHcyase.
Why DEA Is a Potent Inhibitor and Is Believed To Be an Inactivator-DEA is a very potent inhibitor because it can fit into the active site of the intact AdoHcyase (i.e. open conformation), it can make all possible hydrogen bonds with the protein, and it has a lock mechanism to stabilize the closed conformation structure. Once DEA binds to AdoHcyase and stabilizes the closed conformation, the reverse process would be very slow. Therefore, DEA behaves as an inactivator of AdoHcyase, but DEA is a reversible inhibitor because the bound DEA is intact.
Possible Selective Reversible Inhibitors of AdoHcyase-On the basis of the rWT:DEA structure, we can design specific inhibitors of AdoHcyase. As discussed above, Ado analogues could bind not only to AdoHcyase but also to various nucleotide/ nucleoside-binding proteins (such as ATP-, ADP-, and AMPbinding proteins, Ado kinase, and Ado deaminase) and would disrupt their biological functions. Therefore, it is important to modify Ado analogues to bind solely to AdoHcyase and not to other nucleotide/nucleoside-binding proteins. There are three pieces of useful structural information. First, in the rWT:DEA, rD244E:Ado*, and hWT:ADC structures, N3 of the adenine ring is not involved in any hydrogen bonding, and there is a relatively large space in front of N3 that is large enough to put an -H or -O. Replacing the adenine ring with a 3-deazaadenine ring or adenine-3-oxide ring would severely limit the analogue's ability to bind to some nucleotide/nucleoside-binding proteins, i.e. 3-deazaadenosine and adenosine-3-oxide analogues would have higher inhibitory selectivity than unmodified Ado analogues. Secondly, the 2Ј-OH and 3Ј-OH of DEA participate in hydrogen bonding with the negatively charged carboxyl groups of Asp-189 and Asp-130, respectively. Substituting the hydroxyl groups with positively charged amino groups would increase the binding affinity due to a chargecharge interaction. However, it is noted that introducing a charge-carrying amino group would reduce its membrane diffusion rate. Thirdly, there is a large open space on the tip of the carboxyl group in the rWT:DEA structure. Because a carboxylic acid ester would diffuse into cells faster than the carboxylic acid itself, formation of an ester with short chain monohydroxyl alcohols would improve the inhibitory activity in vivo. By considering these three factors, certain compounds are predicted to be potent and selective reversible inhibitors of AdoHcyase; these compounds are displayed below in Scheme 2. Synthesis and characterization of the above compounds are underway in our laboratory. 
